We present a reference-beam x-ray-diffraction technique applied to a good-quality protein crystal. The technique is based on a multiple-beam diffraction principle and employs a modified oscillation camera in a Bragg inclined geometry, which allows a simultaneous measurement of both magnitudes and triplet phases of a large number of Bragg reflections from the sample. This work demonstrates that the reference-beam method can be a simple practical solution to the phase problem in x-ray crystallography. ͓S0163-1829͑99͒02417-0͔ X-ray crystallography is a widely used method in structural biology and materials sciences for solving crystal structures. In a typical crystallography experiment, a large number of diffraction peaks ͑Bragg reflections͒ are recorded on an area detector while rotating or oscillating a crystal specimen. The intensity recorded for each Bragg reflection is related to the magnitude of its structure factor ͑coefficient of Fourier transform of the electron density͒, but not to its phase, which is also needed to determine the atomic positions in a crystal. This fundamental phase problem in crystallography remains the most difficult part of a structural determination 1 and its general solution is still an active area of recent research.
Ј ϭk G ϩH-G is parallel to the original k H of the H reflection. The two sets of diffraction patterns, one excited by k 0 and the other by the reference beam k G , coincide in space and interfere with each other, producing a phasesensitive ͑holographic͒ image recorded on the area detector.
As in any interference phenomenon, the interference intensity in the reference-beam diffraction depends on the relative phase difference ␦ between the k 0 -excited wave k H and the k G -excited wave k H -G Ј . According to the kinematic diffraction theory, 6 any Bragg-reflected wave has a phase shift of ␣ H , which is the phase of structure factor F H for reflection H. Therefore, for each reflection H, the k 0 -excited wave k H has a phase shift of ␣ H , and the k G -excited wave k H -G Ј has a phase shift of ␣ H -G plus ␣ G that already exists in the G wave. Consequently the interference in the reference-beam diffraction process is sensitive to the following phase difference:
FIG. 1. Schematics of ͑a͒ conventional oscillation setup used in x-ray crystallography, and ͑b͒ reference-beam diffraction in Bragginclined geometry, where two sets of diffraction patterns ͑black and gray͒ interfere and generate a phase-sensitive diffraction image on an area detector. which is independent of the choice of origin in a unit cell and is often called the invariant triplet phase in crystallography.
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The basic underlying principle in the reference-beam method is the multiple-beam diffraction in which simultaneous Bragg reflections 7 are involved. Using a second-order Born approximation developed for multiple-beam diffraction, 8 the explicit phase dependence of Eq. ͑1͒ in the case of reference-beam diffraction can be rigorously derived. 5 In addition to the structure factor phases given in Eq. ͑1͒, the phase of the G-reflected wave can be dynamically tuned by slightly rocking the crystal angle through the G-reflection rocking curve, much like in an x-ray standing wave experiment. 9 For each of the Bragg reflections recorded on the area detector, a complete interference profile I H () can be observed as a function of , which can be shown given by a normalized intensity
where R G () is the reflectivity and G () is the phase shift given in dynamical diffraction for the reference beam. Both R G () and G () are common to all reflections recorded on the area detector, and therefore any difference in the I H () profiles between two recorded reflections is due entirely to the difference in triplet phase ␦.
To demonstrate the reference-beam technique on real, relatively imperfect biological crystals, we have performed an experiment on tetragonal lysozyme ͑space group P4 3 2 1 2) at the F3 bend-magnet station at Cornell High Energy Synchrotron Source ͑CHESS͒. We used an unfocused 10 keV x-ray beam through a double-crystal Si ͑111͒ monochromator and a standard oscillation camera setup for shutter controls and data collection. The lysozyme sample was mounted on a four-circle diffractometer with its axis being the crystal oscillation axis in the vertical plane. We chose Gϭ͑320͒ as the reference reflection, which was aligned to be parallel to the axis. The oscillation data were collected using a Fuji image plate, which was operated in a streakcamera mode with nine exposures of the same ⌬ϭ1°oscil-lation range corresponding to nine positions on the ͑320͒ rocking curve. An example of such diffraction images is shown in Fig. 2͑a͒ , on which over 200 Bragg reflections up to 2.5 Å in d spacing are visible using 10 s for each exposure. Twenty such images were collected, covering a crystalrotation range of 20°in about half an hour of data collection time.
The reference-beam interference profile for each Bragg reflection recorded on the image in Fig. 2͑a͒ is given by the intensity variation along each strip of the nine exposures. These interference profiles, even though weaker than small molecule cases, are nevertheless detectable for many diffraction spots recorded-about 20% for the 10 s exposures. The best signal-to-noise ratios in the interference profiles are obtained by integrating intensities around each diffraction peak. Four representative profiles are shown in Figs. 2͑b͒-2͑e͒ , with the integrated intensities normalized to the values far away from the center of the G-reflection rocking curve.
The solid curves in Figs. 2͑b͒-2͑e͒ are theoretical fits to the data using a four-parameter empirical function based on Eq. ͑2͒. In this function, the dynamical phase shift G () is approximated by   FIG. 2. ͑a͒ Reference-beam diffraction image of tetragonal lysozyme recorded on an image plate in streak-camera mode, with phase information contained in nine exposures of 10 s each as a function of the reference-reflection rocking angle . ͑b͒ and ͑e͒ Examples of the interference profiles for four reflections in ͑a͒, with theoretical fits ͑solid curves͒ to Eq. ͑2͒ yielding triplet phase values ␦ listed in the corresponding graph. ͑b͒ ͑Ϫ7,2,Ϫ5͒: calculated phase ␦ cal ϭ101°. ͑c͒ ͑1,Ϫ3,5͒: ␦ cal ϭ177°. ͑d͒ ͑17,18,Ϫ1͒: ␦ cal ϭ Ϫ132°. ͑e͒ ͑10,20,Ϫ7͒: ␦ cal ϭ34°. ͑f͒ Rocking curve of the reference Gϭ͑320͒ in the same scale as in ͑b͒-͑e͒.
G ͑ ͒ϭ/2͕1Ϫ tanh͓͑Ϫ G ͒/⌬͔͖, which closely resembles the true phase function as seen in dynamical diffraction theory, 10 convoluted with an experimental resolution and/or mosaic spread function of a half width ⌬ and centered at G . The reflectivity curve R G () is approximated with a Lorentzian that has the same center and half width as G (), and an adjustable parameter R 0 for its peak value. In addition to the three parameters ⌬, G , and R 0 , the only remaining fitting parameter is ␦, the invariant triplet phase. The triplet phase values thus obtained are listed in the corresponding graph in Figs. 2͑b͒-2͑e͒ .
The experimentally obtained ␦ values are compared to the calculated values ␦ cal using a standard crystallographic package CCP4 suite 11 and a recent protein database entry on lysozyme, 12 with proper phase pattern transformations among the Laue-symmetry-related reflections 13 taken into account. The comparisons indicate that the measured phase values have a mean phase error of about 26°when averaged over all measured triplet phases with a maximum phase error of 62°. These errors may be partly caused by the phaseinsensitive Aufhellung and Umweganregung effects and by the influence of the solvent within the sample volume, which is not taken into account in the phase calculations. We believe that both the phase measurement precision and the percentage of phased reflections can be improved by, for example, using a charged-coupled-device because of its better intensity dynamic range and depth resolution and its better electronic control for multiple exposures.
There are many similarities between the data collection algorithm of the reference-beam diffraction and that of the multiple-wavelength anomalous diffraction ͑MAD͒.
2 Here the incident-angle setting of the reference reflection serves the same role as the atomic absorption edge energy of a heavy atom. Multiple oscillation data sets are collected around the Bragg angle G , much like those around the absorption edge, with similar useful intensity variations ͑a few percent͒ as the anomalous signals in a typical MAD experiment. In fact, instead of changing the rocking angle, one can change the incident energy to pass through the referencereflection rocking curve and take multiple data sets at several energy or wavelength settings. In this way, the reference beam technique is entirely analogous to the MAD method, with the distinction that the phase information can now be obtained from experiments without the need for heavy atoms in a protein structure.
It should be pointed out that multiple-beam x-ray diffraction has been known for quite some time to contain structural phase information. [14] [15] [16] [17] [18] [19] [20] [21] [22] However, the reference-beam diffraction method presented here offers many advantages over the conventional multibeam technique, which usually involves one multibeam configuration at a time in a typical experiment. In addition to its drastically reduced phase measurement time and its compatibility with the existing crystallographic data collection methods, the reference-beam diffraction uses the G reflection as the ''perturbing'' reflection which serves as a true reference beam in diffraction data collection. This allows a simple conceptual design in experiments as illustrated in Fig. 1 . The reference G wave, its dynamical phase, and its polarization dependence, are common to all reflections collected in a data set, without the usual geometry-dependent dynamical phase switching 19 and polarization anomalies and complexities 23, 24 that may occur in conventional multibeam measurements. Because the G reflection can be chosen to diffract in the vertical plane and only sees perpendicular polarization if synchrotron radiation is used, the polarization dependence of the three-beam interference is greatly simplified for noncoplanar cases in reference-beam diffraction geometry. 5 The problem of overlapping multiple reflections for large unit-cell structures may be minimized in reference-beam diffraction since the interference effect of the G reflection is being singled out while the effects of others are averaged out in the oscillation. Finally, the reference-beam geometry allows the use of horizontally focused synchrotron radiation since the reference beam can be set to diffract in the vertical plane where an incident beam is naturally collimated, which makes the technique very practical.
In summary, we have presented a simple reference-beam diffraction method from which both the magnitudes and the triplet phases of a large number of Bragg reflections can be directly measured within a time frame similar to ordinary crystallographic experiments. Once fully tested and automated, we believe that this method will have a significant impact on x-ray crystallography data collection and crystal structure determination. 
